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Abstract—Cayirbag magnesite is one of numerous magnesite deposits occurring throughout Turkey. In this deposit, sepiolite and newly
found stevensite occur locally as two daughter minerals formed from magnesite. The sepiolite and stevensite show distinctive compositions
and modes of formation compared to those described in the literature. The objective of the current study was to characterize these minerals
by means of mineralogic, thermal, structural, geochemical, and textural analyses and to describe their mechanisms of formation. The
geology, mineralogy, and geochemistry were examined by field work followed by X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), differential thermal (DTA), and thermogravimetric (TG) analyses. Chemical
analyses were performed by means of electron microprobe (EMPA), inductively coupled plasma-optical emission spectrometry (ICP-
OES), and laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS). The XRD analyses showed that the d;,( of the
sepiolite was at 12.64 A and at 13 A after air-drying and ethylene-glycol solvation, respectively. Identification of the sepiolite as sepiolite-
13 A was supported by FTIR and TG-DTA data. Chemical analyses showed an ideal composition with a structural formula of
(Cag 05K p.02)Mg7.70Alp.1000.11)S112030(OH),4. Stevensite displayed distinctive results for XRD, FTIR, and thermal characteristics. The
structural formula of stevensite was: (CaO.mNaO‘zoKom)(Mgl,90A10A30Fe3+0‘37TiO‘01DOA43)(Si3A93A10,07)010(OH)2, indicating a layer charge
arising mainly from octahedral sheets. Field and SEM observations demonstrated that sepiolite was formed from magnesite by
transformation via a dissolution—precipitation mechanism. Descending surface waters were responsible for this transformation. Thick
magnesite veins were partly replaced whereas in thin veins sepiolite replaced the overall mass. Both surface waters with high Si, low Al and
Fe activities, and pH values of 8-9.5 were responsible for sepiolite formation. Stevensite was formed similarly to sepiolite with respect to
the mechanism and parent mineral under permanent groundwater; where both Si, Fe, Al activities and pH (>9.5) were high.
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INTRODUCTION ported by Yeniyol and Oztunali (1985) to have formed by
replacement of magnesite. A vein-like sepiolite occurrence
was discovered at Cayirbagi (Yeniyol 1986) confirming the
previous findings. This occurrence was described in a short
note and so knowledge of sepiolite being formed by replace-
ment of magnesite was limited. Because of its mode of occur-
rence and distinct origin, other researchers interpreted the
genesis of this well known meerschaum sepiolite (Yeniyol
1993; Ece and Coban 1994; Ece 1998; Kadir et al. 2016).
During the present reexamination of this vein-like sepiolite, a
Mg-smectite was discovered for the first time displaying dis-
tinct chemical composition and genetic relationships with
magnesite. The purpose of the current research was to investi-
gate the unusual formation mechanisms and genesis of sepio-
lite and newly found stevensite, and to document in greater
detail the characteristics of these Mg-clay minerals.

Sepiolite and stevensite are authigenic Mg-rich clay minerals
having different structural organizations. According to numerous
published papers, these minerals form in a variety of geological
environments: in Si- and Mg-rich alkaline lakes and shallow seas
via direct precipitation from alkaline or saline water (Papke 1972;
Tettenhorst and Moore 1978; Khoury et al. 1982; Eberl et al.
1982; Galan and Castillo 1984; Ece and Coban 1994; Karakas
and Kadir 1998; Singer et al. 1998; Pozo and Casas 1999; Buey
et al. 2000; Mayayo et al. 2000; Kadir and Akbulut 2001; Kadir
et al. 2002; Akbulut and Kadir 2003; Karakaya et al. 2004;
Furquim et al. 2008; Galan and Pozo 2011; Yeniyol 1992,
2007, 2012, 2014; Kadir et al. 2016, 2017; and many others),
transformation from precursor Mg-bearing silicate phases
(Stoessell and Hay 1978; Chahi et al. 1997; Pozo and Casas
1999; Cuevas et al. 2003; Hover and Ashley 2003; Yeniyol
1997, 2012, 2014, and others), hydrothermal alteration of mag-
matic rocks (Faust and Murata 1953; Randal 1959; Imai et al.
1970; Post 1984; April and Keller 1992; irke¢ and Unlii 1993),
and weathering of mafic and ultramafic rocks (Kodama et al.
1988; Yal¢mn and Bozkaya 2004; Christidis and Mitsis 2000).

To the knowledge of the author, no mention is made in the
literature of sepiolite and stevensite being formed from mag-
nesite. An occurrence of the sepiolite, meerschaum, was re-

GEOLOGICAL SETTING

The sepiolite occurrence is located at western Cayirbagi
village, ~20 km from Konya City (Fig. 1a). The basement
lithology of the area comprises units ranging in age from
Mesozoic to Cenozoic. The Mesozoic is represented by Lower
Triassic detrital sediments and dolomitic limestone, by Middle
Triassic—Upper Jurassic crystallized limestone, and by Lower—
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chert interbedded with pelagic carbonates and limestone. The
Hatip ophiolite complex and Cayirbag: ophiolite consist of
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pyroxenite altered to serpentinite and of gabbro dykes. These
complexes were emplaced as large overthrust slabs over the
older lithologies during the Upper Cretaceous. These were
covered by Neogene lacustrine sediments containing conglom-
erate, clayey limestone, and limestone overlying the older
rocks discordantly (Tuncay 2000).

The Caywrbagr ophiolite contains magnesite deposits in the
uppermost parts. These deposits occurred as both veins and
stockworks. The veins of magnesite are 0.2 to 5-6 m thick
whereas stockwork magnesite is represented by intersecting veins
5-20 cm thick. Magnesite was formed by the interaction of CO,-
rich surface waters with serpentinite during the ophiolite emplace-
ment (Yeniyol 1982; Tuncay 2000). The magnesite looks white
and massive and contains either moderately large and hard silica
components or soft and friable substances. Compressional tecton-
ic events affected the magnesite veins leading to faulting, brecci-
ation, and even mylonitization. Magnesite was also found locally
at the base of Neogene sediments which consist of marl and
limestone. Magnesite appeared in the base of these sediments as
short and thin undulating veins as well as nodules which were
formed by chemical precipitation from lake water.

Sepiolite and Mg-smectite were formed as late-stage phases
under supergene conditions. They appeared locally as
stockwork magnesite. Sepiolite occurs as thin, undulating
veins <20 cm thick. These veins intersect each other displaying
a stockwork structure inherited from the pre-existing magne-
site (Fig. 1b,c). In these veins, magnesite has been replaced
entirely by sepiolite (Yeniyol 1986). Sepiolite veins commonly
show desiccation cracks perpendicular to vein surfaces and
which are traversed by thin quartz and sepiolite veinlets in
many cases. Weak tectonic movements caused short displace-
ments along these cracks (Fig. 1b,c).

A 4045 cm thick magnesite vein appears at the same
location. This vein contains both magnesite and sepiolite,
providing a helpful example of their genetic origin (Fig. 1d).
The lower part consists of magnesite. Based on its physical
properties (color, texture, density, hardness, and fracturing),
the sepiolite contents were noted to increase gradually from
bottom to top and from the middle toward the vein surfaces.
Due to the presence of sepiolite, rare desiccation cracks appear
perpendicular to the vein toward the top.

Smectite was found ~5 m inside a 50 m research gallery
(Fig. 1b). Here, a 45-50 cm thick and almost vertical vein of
magnesite occurs. The vein has been broken by tectonic activ-
ity into two parts. In an inclined lower part, magnesite was
ground and mylonitized along a zone between the two parts of
the vein. Smectite occupied the overall mylonitized zone and
appeared as a 10—15 cm thick horizontal and laminated layer
showing sharp boundaries from the magnesite. Lateral exten-
sions continue toward both sides aligning with the vein sur-
face. Similarly, the stevensite layer showed sharp contacts with
the serpentinite wall rock.

MATERIALS AND METHODS

Sepiolite occurred in hand specimens as planar laths and
flakes up to 1.5 cm long and traversed by 0.5 mm thick quartz
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veinlets. It was porous, lightweight, and white colored. When
wet, it is light beige in color with a soap-like appearance. In
wet samples of stevensite, the laminae became more prominent
and the material becomes soft and easily carved.

Several samples were collected from the magnesite-
sepiolite vein, including pure sepiolite and smectite. Five rep-
resentative samples were collected. Three samples were from a
sepiolite-bearing magnesite vein and used to trace composi-
tional changes from magnesite to sepiolite (samples C1, C2, C3).
The other two samples were collected from a pure sepiolite vein
(C4) at the face of a trench, and from smectite (C5) which
occurred inside the gallery (Fig. 1b,c,d).

Preliminary powder XRD analyses revealed that sepiolite
and Mg-smectite samples were monomineralic and pure in the
raw state. Therefore, all analyses were performed on bulk
samples of sepiolite, smectite, and mixtures of sepiolite and
magnesite. The XRD analyses were carried out using random
powders of both sepiolite and smectite as well as oriented
samples of smectite. Because the smectite samples were found
to be resistant to dispersion in water, in order to prepare
oriented samples, raw material was soaked in water overnight,
ground gently under water using an agate mortar and pestle,
dispersed alternately by mechanical stirring and ultrasonic
treatment, and then were settled by centrifugation. Oriented
samples were prepared by smearing clay residue onto glass
slides. Oriented samples which were air-dried, ethylene glycol-
solvated, and heated (550°C for 2 h) then solvated again with
EG were used to determine the nature of the smectite
(Christidis and Koustopoulou 2013). The XRD analyses were
done utilizing a Philips PW 3020 diffractometer (Almelo,
The Netherlands) with CuK« radiation and a graphite
diffracted-beam monochromator, operating at 40 kV and
20 mA, in the range 3-65°20 with a step size of
0.04°20 min .

The DTA and TG analyses (TA SDT Q600, New Castle,
Delaware, USA) were done simultaneously on sepiolite and
smectite samples in the 25-1000°C range using 20 mg of
sample under a 100 mL/min air flow and a 10°C/min heating
rate. Al,O; was used as the reference material.

The FTIR analyses were carried out on sepiolite and
stevensite samples using an ATI Unicam Mattson 1000 FTIR
spectrometer (Burladingen, Germany). Samples were first di-
luted with KBr at a ratio of 1:200 and subsequently were
compressed in the form of discs. Then they were scanned in
the frequency range of 4000 to 450 cm™.

The SEM analyses were performed on gold-coated chips
using an FEI Quanta FEG 450 SEM instrument (Hillsboro,
Oregon, USA).

Smectite samples displayed a laminated structure (particularly
when wet) appearing in alternating light to dark brownish hues.
To remove the free iron oxide, the dithionite-citrate (Merck,
Darmstadt, Germany) procedure was used (Mehra and Jackson
1960). Free Fe was determined from the supernatant solution.

In order to detect the chemical differences and possible
changes in Fe content perpendicular to alternating laminae of
smectite, chemical analyses were carried out of six spots on a
dry polished sample. Analyses were performed using an
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Fig. 1. a Location map of study area; b schematic sketch showing field relationships and sample locations; ¢ general view of sepiolite veins on the

face of a trench; d magnesite+sepiolite vein and sample locations

electron microprobe (Jeol-733, Tokyo, Japan) equipped with
three wavelength dispersive spectrometers (WDS) under vac-
uum, at a 15 kW accelerating voltage with a 1.99x107° A
probe current in 30 pm diameter and the Benson Albee
program.

Chemical analysis was done using ICP-OES (Perkin Elmer
Avio 200 ICP-OES, New Boston, Massachusetts, USA). Anal-
yses were performed after LiBO, fusion for all major oxides
(SiO,, TiO,, ALO;, Fe,05, MnO, MgO, CaO, K,0, Na,O,
and P,Os). Trace element and rare-earth element concentra-
tions were determined using inductively coupled plasma-mass
spectrometry (ICP-MS, Perkin Elmer Nexion 2000, New Bos-
ton, Massachusetts, USA) combined with a laser ablation
system (ESI NWR 213, Huntingdon, UK). Laser spot sizes
of 110 um were utilized in analysis. NIST SRM610, SRM612,
and BCR2 glass disks were used as external standards. For
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each of the analyses, ~20 s of background signal was collected
before the initiation of the ablation process. Sample ablation
times were selected as 50 s with a laser repetition rate of 5 Hz;
helium was the carrier gas. Data reduction for all analyses was
achieved using /ICPMSDataCal (Liu et al. 2008). The struc-
tural formulae of the sepiolite and smectite were determined
from ICP-OES analyses of the pure samples (confirmed by
XRD) of sepiolite and smectite.

RESULTS

XRD

Sepiolite is characterized by an intense 110 peak at 12.64 A
with a 1.25°20 full width at half maximum (FWHM) and
characteristic remaining reflections (Fig. 2). Reflections which
typically occur at 12-19°26 were very weak. Also, reflections
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Fig. 2. XRD patterns of randomly oriented samples of sepiolite and stevensite

at 19-21°20 were of equal intensity. Those reflections between
26 and 31°20 were not well resolved, appearing as a convo-
luted peak with two maxima at 3.3 and ~3.2 A. In addition,
some of the remaining reflections were different both in terms
of their shapes and d values. The large d value of the first
reflection and the characteristic other reflections indicated that
the sepiolite is poorly ordered and similar to that described by
Yeniyol (2014) as sepiolite-13 A. The oriented and air-dried
sample was dominated by a broad and intense 110 peak which
shifted to 13 A after EG solvation and contracted to 10.7 A
after heating at 600°C (Yeniyol 1986).

In the XRD pattern of a randomly oriented sample of
stevensite, the basal reflection 001 was broad and asymmetric,
and appeared at ~15 A (Fig. 2). A 02,11 reflection occurred as
a two-dimensional 4k band due to the turbostratic structure of
this mineral. A single and sharp 060 reflection appeared at 1.52 A,
indicating the trioctahedral nature.

In an oriented and air-dried sample, 001 occurs as a broad
(with 4.2°20 FWHM), symmetric, and strong reflection at
14.7 A (Fig. 3). The mean crystallite thickness calculated from
the Scherrer equation was 1.98 nm. After solvation with ethyl-
ene glycol (EG), this reflection shifted to 18.3 A with a small
saddle at the low-angle side. It appeared as a symmetric,
intense, and broad peak with 2°20 FWHM, giving a mean
crystallite thickness of 4.15 nm. The higher-order reflections
of stevensite appeared at 9.2, 5.7, 4.5, and 3.4 A, displaying a
rational series. After heating at 550°C for 2 h, the 001 peak
shifted to 9.7 A, indicating a talc-like phase formed due to the
collapse of the Mg-smectite structure. In the case of heating to
550°C and subsequent EG solvation, the position of the 001
reflection (9.7 A) did not change. According to the method
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proposed by Christidis and Koutsopoulou (2013) for identify-
ing Mg-smectites, the smectite present was identified as
stevensite.

FTIR Spectra

The FTIR spectrum of sample C4 was typical of poorly
ordered sepiolite (Fig. 4) (Yeniyol 2014). In the region
3700-3000 cm ', spectra of sepiolite showed two bands
at 3566 and 3443 cm™", corresponding to OH-stretching of

Arbitrary intensity

10 20 30
*26 (CuKa)

Fig. 3. XRD patterns of oriented samples of stevensite (C5). AD, air-

dried; EG, solvated with ethylene glycol; 550EG, heated at 550°C then

solvated with ethylene glycol
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bound water and zeolitic water, respectively. The absorp-
tion band of the bending vibrations of the bound water mole-
cules occurred at 1660 cmi™! (Frost et al. 1998, 2001). A weak
band at 1380 cm ™' was found due to the bound water coordi-
nated to Mg in the octahedral sheet (Sabah and Celik 2002;
Wouters et al. 2010). The weak band at 1208 cm ™! was attrib-
uted to Si—O-Si stretching between alternate ribbons (Suarez
and Garcia-Romero 2006). An intense band at 1020 cm ™
corresponded to Si—O stretching. The positions of the Mg—OH
bending vibrations appeared at 784 cm ™', 690 cm ™', and 653 cm ™.
In addition, a bending band occurred at 476 cm .

The FTIR spectrum of sample C5 (Fig. 4) was characteris-
tic of Mg-smectites (Yeniyol 2007, 2014) with two shoulders
and a weak band occurring in order at 3680, 3626, and
3468 cm . The first two bands correspond to structural hy-
droxyls whereas the third is attributed to the OH-stretching
vibration of adsorbed water (Imai et al. 1970; Elton et al. 1997,
Buey et al. 2000; Benhammou et al. 2009). The bending
vibration of water molecules appeared at 1647 cm™'. A strong
and sharp absorption band occurred at 1022 cm ™' correspond-
ing to Si-O stretching. In addition, two bands at 668 cm ' and
462 cm™' corresponded to Si-O—R vibrations where R = Mg,
Fe, or Al (Christidis and Mitsis 2006).

Thermal Analyses

The DTA curve of the sepiolite showed the first endother-
mic peak at 88°C which was due to the loss of zeolitic water
(Fig. 5a). Two broad and weak endothermic peaks occurred at
294°C and 430°C, corresponding to the loss of first and second
halves of coordinated water, respectively. Removal of coordi-
nated water in these two steps resulted in folding of the
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Fig. 4. FTIR spectra of sepiolite and stevensite
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sepiolite structure and formation of sepiolite anhydride
(Nagata et al. 1974; Serna et al. 1975; Rautureau and Mifsud
1977; Yeniyol 2014). A broad endothermic peak at 758°C was
attributed to the loss of the hydroxyl groups. Finally, a sharp
exothermic peak at 842°C indicated the collapse of sepiolite
structure and the formation of enstatite.

The water loss was continuous for sepiolite, with four
identifiable steps (Nagata et al. 1974; Serna et al. 1975; Frost
and Ding 2003). The first water loss at 25-154°C (13.0 wt.%)
belonged to both hygroscopic and zeolitic waters (Fig. 5a). The
first half of the coordination water was rather weakly bonded in
the structural channels and released from 154 to 335°C
(3.0 wt.%). The loss of the second half occurred between 335
and 548°C (2.8 wt.%). The remaining weight loss was due to
structural dehydroxylation from 548 to 836°C (3.0 wt.%). The
total weight loss from the sample calculated from the TG curve
was 21.8 wt.%.

The DTA and TG curves of stevensite (Fig. 5b) revealed a first
endothermic peak at 95°C that corresponded to the loss of
absorbed water. The second and third endothermic peaks were
broad and weak, appearing at 215°C and 270°C, respectively.
These peaks were assigned to the loss of interlayer water in two
sequential steps. After a diffuse and inclined endothermic peak at
~485°C, which was attributed to the loss of the remaining inter-
layer water in close coordination with interlayer cations, a sharp
endothermic peak at 815°C corresponded to the loss of hydroxyls
(Imai et al. 1970; Yeniyol 2007, 2014). The exothermic peak at
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Fig. 5. DTA and TG curves of a sepiolite and b stevensite
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830°C indicated the collapse of the stevensite structure and the
probable formation of an augite-like pyroxene.

Weight losses corresponding to adsorbed water, interlayer
water, and structural hydroxyl groups of stevensite occurred in
the order: 24-173°C (3.0 wt.%), 173-615°C (3.3 wt.%), and
615-830°C (2.2 wt.%). The total weight loss was 17.7 wt.%.

SEM Analyses

Samples were collected from a vein where sepiolite and
magnesite are found together (denoted as magnesite+sepio-
lite). The sepiolite/magnesite ratio increased from base to top
(C1-C3) of the vein. Sepiolite appeared as straight, delicate
fibers and planar structures in the interstitial space, parallel to
the crystal faces enveloping the magnesite thombs (Fig. 6
C1,2,3). Dissolution of magnesite was followed by the forma-
tion of sepiolite as crusts covering and embracing the magnesite
crystals (Fig. 6Cla—2b). Where magnesite crystals were con-
sumed as a whole, sepiolite appeared as crusts enclosing the
voids with thombic shapes and displaying encrustation pseudo-
morphs (Fig. 6Cla,b, C3a). In some magnesite crystals, trans-
formation was incomplete, leading to magnesite crystal relics
remaining within some voids (Fig. 6C1b, C3a,b). The traces of
subsequent replacement events appeared as relict concentric
crusts in some places (Fig. 6C1la). Sepiolite was formed mostly
in interstitial spaces, but it was also found filling the veinlets
(Fig. 6 Clc, C3c). In these veinlets, it appeared as parallel, fine
fibers or fibers exceeding 50 um as well as flakes.

Pure sepiolite made up the overall mass, showing a net struc-
ture (Fig. 7 C4a—C4d). It formed the walls of the voids displaying
rhombic shapes. This demonstrated that precursor magnesite crys-
tals were consumed entirely, leaving behind the voids as sepiolite
pseudomorphs after magnesite. Sepiolite was also formed as a
filling in submicroscopic desiccation cracks (Fig. 7 C4d).

Stevensite occurred in the form of fine, uneven flakes with
slightly undulated edges surrounding the voids. In some cases,
they are fairly flat and in 2-3 pm sized flakes which developed
parallel to the surfaces of the laminae (Fig. 7C5c,d). Voids
showed random spatial distribution, irregular shapes, and sub-
rounded sizes ranging from 0.1 to 1.5 pm. These features
indicated the presence of a fine-grained and irregularly shaped
pre-existing substance. In some voids, relict rhombic shapes
were seen (Fig. 7C5b,c), suggesting that the precursor sub-
stance was ground magnesite. Scarce, fine sepiolite fibers were
seen forming over the stevensite substrate (Fig. 7C5c¢,d).

Chemical Analyses

Major elements. Chemical analyses (Table 1) were performed
on the samples collected from the magnesite+sepiolite vein (Fig.
1b,c,d), monomineralic sepiolite (C4), and stevensite (C5) sam-
ples. In the magnesite+sepiolite samples, SiO, exhibited a nega-
tive correlation with MgO, by increasing contents of SiO, from
5.037 to 15.675% and decreasing contents of MgO from 46.134
to 36.184%. This indicated that the sepiolite/magnesite ratio in-
creased from C1 to C3 (Table 1). Only small amounts of other
element oxides were present.

Pure sepiolite consisted of 55.955% SiO, and 23.875%
MgO in the raw state (Table 1C4). The remaining elements
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were below detection limits. The structural formula calculated
per half unit cell (32 oxygen atoms) for sepiolite was:
(Cag 02Nag.01Ko0.01)(Mg7.63Al0.0800.24)S112.08030(OH)4. After
correction, assigning the excess SiO, to quartz (0.08 atoms),
the following formula was obtained: (Cag 05K 02)(Mg7.70Alg 10
00.11)5112030(0OH),. In this formula, Mg was the dominant
cation. A small amount of Al substituted for Mg in the octahe-
dral positions. The number of structural vacancies (shown by the
square symbol) was 0.11 cations per half formula unit (p.h.fu.).

In chemical analyses of stevensite (Table 1, C5), the
principal element oxide constituents were SiO, and
MgO, 50.043% and 16.211%, respectively. The amounts
of Al,O; and Fe,O3 were larger than those of sepiolite.
Except for Na,O (1.283%), the amounts of interlayer
cations were small.

To detect the chemical changes along a line perpendicular
to the lamination, spot EMP analyses were performed
(Table 2). Element oxides of the major elements in six separate
samples were similar. Note that the amounts of Fe,03 and Al,O;
found were similar to those obtained by ICP-OES (Table 1, C5).

Free iron oxide was removed using the citrate-bicarbonate-
dithionite procedure (Mehra and Jackson 1960). At the end of
the procedure, due to the presence of Fe**, the color of both
supernatant solution and solid residue appeared green. The
green color of the residue corresponded to reduction of struc-
tural Fe to Fe** also indicating that the Fe in the stevensite
structure existed initially in ferric form (Fe**) (Kodama
et al. 1988). The ICP-MS analyses of the supernatant solu-
tion revealed that free Fe was <1 wt.%. This suggests that
almost all of the Fe was present in the crystal structure of
stevensite. The following structural formula calculated
from ICP-OES analyses on the basis of O;o(OH), was:
(Cao.()lNao.zoKo.m)(Mgl.90A10.30Fe3+0.37Tio.01Do.43)(Sis.93f
Al0.07)0;0(OH),. Mg was the dominant octahedral cation,
with some substitution by Al and Fe. This composition fell
within the trioctahedral domain with a total octahedral
occupancy of 2.57 p.h.fu. (Fig. 8) and vacancies being
only 0.43 p.h.fiu. Substitution of Al for Si was low at
0.07 p.h.fu. The charge distribution was as follows: tetrahedral
charge = —0.07 and octahedral charge = —0.15, producing a
total layer charge of —0.22 p.h.f.u. The layer charge was
balanced primarily by Na (0.20 p.h.f:u.) with small amounts
of K (0.04) and Ca (0.01) creating an interlayer charge of +0.25
p.h.fu. The prominent excess charge was generated mainly
from the octahedral sheet consistent with stevensite.

Trace and REE elements. Trace elements showed small
values in sepiolite-bearing samples with a low sepiolite/
magnesite ratio (Table 1C1, C2). But in sample C3, trace
element values increased slightly due to the increase in sepio-
lite content. Trace element analyses showed that, excluding Ni,
Cr, Hf, Sr, and Th, the remaining trace elements were more
abundant in pure sepiolites (C4) than in magnesite+sepiolite.
In stevensite (C5), Ni, Co, and V values were almost the same
as in sepiolite. The remaining trace elements showed consid-
erable enrichment in stevensite compared to sepiolite.

The REE (rare earth elements) values in magnesite-rich
samples (C1, C2) (Table 1) showed enrichment in LREE (light
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Fig. 6. SEM images from the magnesite+sepiolite vein (C1, C2, C3): sepiolite formed in interstitial space parallel to crystal faces enclosing the
magnesite thombs (Cla, 1b, C3a). Small magnesite crystal relicts remained at the centers of the voids, indicating that replacement of magnesite by
sepiolite was interrupted (Cla, C2a, 2b, C3a, 3b). Where transformation was completed, hollow voids which were embraced by sepiolite display
sepiolite pseudomorphs (Cla, 1b, C3a). Concentric voids (encircled) indicate subsequent replacement stages (1a). Late sepiolite formed in veinlets
as parallel fine fibers and flakes (Clc, C3c). Sep, sepiolite; M, magnesite
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Fig. 7. SEM images of sepiolite (C4) and stevensite (C5): sepiolite occupies the overall mass as sepiolite pseudomorphs after magnesite forming a
net structure (C4a—C4d). Note that the corners of some voids are rounded, though rhombohedral shapes are clearly seen throughout the sample.
Sepiolite formation fills a fine desiccation crack (C4d). SEM images of stevensite, parallel (C5a, 5b) and perpendicular (C5c, 5d) to lamination.
Fine, uneven flakes surrounding the voids (C5a, 5b, 5d) or large flakes parallel to the surfaces of laminae (C5c, 5d). Randomly distributed,
irregularly shaped, sub-rounded voids with sizes ranging from 0.1 to 1.5 pm (C5a—C5d). Relic rhombohedral shapes inherited from precursor
magnesite crystals (encircled) (C5b, Sc). Scarce sepiolite fibers formed on stevensite substrate (C5c). Sep, sepiolite; M, magnesite; St, stevensite
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Table 1. Mineral compositions (wt.%), major oxides (wt.%), trace elements, and REE (ppm) of magnesite, magnesite+sepiolite,
sepiolite, and stevensite samples

Mineral comp. MoysSey MyoSe;o MsSesn Sepioo Sti00
Major oxides C1 C2 C3 C4 C5
SiO, 5.037 7.114 15.675 55.955 50.043
TiO, 0.020 0.022 0.023 0.001 0.092
AlLO; 0.165 0.174 0.179 0.318 4.041
Fe,O3 0.080 0.104 0.124 0.003 6.214
MnO 0.001 0.002 0.002 0.001 0.028
MgO 46.134 43.346 36.184 23.875 16.211
CaO 0.453 0.468 0.430 0.173 0.064
Na,O 0.001 0.001 0.001 0.001 1.283
K,0 0.001 0.001 0.001 0.047 0.442
P,05 0.110 0.127 0.107 0.051 0.234
LOI 49.000 48.600 47.300 19.672 22.344
Total 101.000 99.958 100.025 100.825 100.996
Trace and REE (ppm)
Ni 4.54 3.51 5.98 2.27 4.59
Cr 17.60 30.53 44.23 27.00 40.33
Sc 2.44 1.95 3.03 24.00 24.00
Ba 7.33 8.07 13.20 28.63 95.33
Co 0.42 0.79 1.84 5.30 5.33
Cs 0.03 0.07 0.10 0.59 5.57
Hf 0.03 0.01 0.19 0.08 20.53
Nb 0.01 0.05 0.23 0.49 65.00
Rb 0.36 0.31 0.52 6.43 9.47
Sr 18.93 18.53 20.87 6.00 4433
Ta 0.05 0.02 0.03 0.05 5.37
Th 0.34 0.04 0.17 0.00 2.00
0] 0.08 0.08 0.55 343 6.57
Pb 2.60 2.41 6.53 46.33 60.33
v 30.63 29.80 34.30 46.67 38.00
Zr 0.64 1.68 3.00 2.43 70.00
Y 0.13 0.03 0.11 0.15 11.73
La 0.14 0.11 0.15 0.08 3.57
Ce 0.09 0.16 0.46 0.76 29.43
Pr 0.23 0.17 0.48 0.08 18.73
Nd 0.29 0.15 0.24 0.23 20.80
Sm 0.09 0.07 0.11 0.17 4.77
Eu 0.00 0.00 0.00 0.00 0.18
Gd 0.00 0.04 0.02 0.47 2.20
Tb 0.00 0.00 0.00 0.03 0.38
Dy 0.01 0.01 0.05 0.04 1.74
Ho 0.01 0.00 0.01 0.32 0.07
Er 0.02 0.00 0.01 0.65 0.14
Tm 0.01 0.00 0.00 0.26 0.01
Yb 0.03 0.00 0.05 1.50 0.14
Lu 0.00 0.00 0.02 0.20 0.03
REE 3.36 2.66 4.63 28.79 106.19
LREE 3.19 2.54 4.36 25.15 96.53
HREE 0.17 0.12 0.27 3.6 9.66

M, magnesite; Sep, sepiolite; St, stevensite
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Table 2. EMPA analyses of principal element oxides of stevensite

(Wt.%)
1 2 3 4 5 6
Si0, 5823 5790 5753 5769 5745 5781
ALO; 442 429 439 424 438 435
YFeO 626 603 601 537 646 588
MgO 17.70 1836 1798 1849 1851  19.40
Total  86.61 86.58 8591 8579 8680 87.44

* The numbers 1-6 represent the spots analyzed

rare earth elements), though the HREE (heavy rare earth elements)
contents remained low. Excluding La, Pr, Nd, Eu, and Dy, the
remaining REE values increased slightly in pure sepiolite. Note
that in stevensite, only Ho, Er, Tm, Yb, and Lu exhibited negative
correlations with their counterparts in sepiolite. Ce was the same
in both sepiolite and stevensite. Other REE displayed significant
depletion in stevensite relative to pure sepiolite. The total REE
contents (including Sc and La) of magnesite+sepiolite, pure sepi-
olite, and stevensite were increased: 3.55 (average), 28.79, and
106.19 ppm, respectively (Table 1).

Chondrite-normalized REE patterns of magnesite+sepiolite
and stevensite (Fig. 9) showed large negative anomalies and
distinct enrichment in LREE and HREE. Magnesite+sepiolite
samples were enriched in Pr, but depleted in other REE ele-
ments relative to chondrite. The sepiolite showed enrichment
in G. Cerium, Sm, and Lu values were equal to those in
chondrite, but the sepiolite was depleted in the remaining
REE. Excluding Ce and Dy, pure sepiolite was more enriched
in REE compared to magnesite+sepiolite samples. Stevensite
displayed a different pattern. All REE in stevensite were
enriched several times when compared with sepiolite and
magnesite+sepiolite.

DISCUSSION

Magnesite

Magnesite was formed by the interaction of CO,-rich surface
waters with serpentinite during ophiolite emplacement (Yeniyol
1982; Tuncay 2000). The CO,-rich waters reacted with
serpentinite involving the decomposition of mafic and felsic
minerals. This reaction produced waters rich in Mg, Si, Fe, and
trace and REE elements. Magnesium reacted with CO, generating
magnesite veins (Eq. 1). Iron sesquioxides caused the staining of
the serpentinite in light-dark brown colors. Silica appeared as
thin veinlets of quartz, chalcedony, or opal traversing both
serpentinite and magnesite. Finely disseminated crystallites
resulted in silicification of magnesite and serpentinite. Ex-
cess silicification and staining with Fe oxides led to the
formation of listwanite (iron cap) which could be indicative
of the presence of magnesite formation locally.

H4Mg;Si,09 4+ 2H,0 + 3CO,—3MgCO3 + 4H,0 + 2Si0,
Serpentinite Magnesite

(1)

Geochemical ‘signals’ may give clues to different sources
(e.g. mafic or felsic rocks), e.g. Zr, Th, and La are scarce in
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magnesite, indicating ultramafic and mafic rocks as the source
rocks. High concentrations of Cr, Ni, Co, V, and Sc support this
suggestion. Because of large ion charge and large ionic radii,
incompatible REE ions cannot participate in isomorphic sub-
stitution in ferromagnesian minerals. As a consequence, ultra-
mafic rocks and serpentinite are REE-poor. REE are also
incompatible with respect to participation in ionic substitution
with Mg ions in the rhombohedral structure of magnesite.
Therefore, magnesite contains very little in terms of REE,
indicating a genetic relationship with the ultramafic and mafic
source rocks (e.g. serpentinite and gabbro) (Table 1). Trace
elements are concentrated in accessory mineral phases whereas
REE are concentrated in trace carbonate phases (excluding
magnesite) which are frequently found in magnesite or in clay
minerals (Moller 1989).

Sepiolite

The XRD data indicated that the current sepiolite was poorly
ordered. The 110 reflection appeared with a d value of 12.64 A
in bulk samples which was considerably larger than those
previously documented as poorly ordered sepiolite (Yeniyol
and Oztunal1 1985; Yeniyol 1986, 1993; Ece and Coban 1994;
Yal¢in and Bozkaya 1995; Chahi et al. 1997; Ece 1998).
Excluding the 110 reflection, which was relatively sharp and
more intense, the characteristics of the other reflections were
similar to those of sepiolite-13 A (Yeniyol 2014).

The SEM observations displayed clear evidence that sepiolite
was formed at the expense of magnesite. Magnesite dissolution
began from crystal faces and continued towards the core as
seen in the samples of magnesite+sepiolite. Subsequently,
sepiolite grew in interstitial space making sepiolite walls that
enveloped the magnesite crystals (Fig. 6C3a, b). Ongoing
dissolution led to decreasing size of the magnesite crystals,
thickening of the sepiolite walls, and rounding of the corners
by adding newly formed sepiolite. When the transformation
mechanism was interrupted, relicts of magnesite crystals
remained in the centers of the voids (Fig. 6C2b, C3b). In
samples where magnesite crystals were replaced entirely, se-
piolite walls surrounded the voids with roughly rhombic
shapes. These voids represented the remnants of former mag-
nesite crystals displaying sepiolite pseudomorphs after mag-
nesite (Fig. 6C1b). In these samples, voids with almost rhom-
bic outlines formed a net structure consisting of pure sepiolite.

Sepiolite and stevensite were formed after magnesite. Sepiolite
appeared locally in a stockwork magnesite deposit. It replaced the
entire mass of thin magnesite veins. Sepiolite was also found
together with magnesite in a thick vein consisting of both mag-
nesite and sepiolite (magnesitet+sepiolite). The sepiolite content
increased regularly from the center toward the surfaces and from
the bottom to the top of the vein. In addition to field observations,
XRD analyses, SEM, and chemical analyses also supported such
an increment, suggesting sepiolite formation was achieved by
descending surface waters. Mineral compositions which were
calculated from ICP-OES analyses (Table 1C1-C3) also con-
firmed a regular increase in sepiolite contents from the base
toward the top in the order of 7, 11, and 22 wt.%.
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In pure sepiolite samples, the principal element oxides were
SiO, and MgO with contents of 55.955% and 23.875%, re-
spectively. The remaining oxides were below detection limits. In
this respect, sepiolite showed an ideal chemical composition.
Except for Ni, Cr, Hf, Sr, Ta, and Th, sepiolite was enriched with
the remaining trace elements which were adsorbed from descend-
ing solutions (Table 1). Of the HREE, Ho, Er, Tm, Yb, and Lu
were absorbed and showed little in terms of enrichment compared
to magnesite. The remaining REE were as low as in the magne-
site. Sepiolite was enriched in trace elements and REE by nearly
six times more than magnesite.

Field relationships, supported by analytical data, revealed
that sepiolite was transformed from magnesite by descending
waters of surface origin. These waters were Si-rich, containing
Fe and Al as well as trace and REE elements. Waters of this
nature were derived from the supergene alteration of ultramafic
rocks consisting of serpentinite and gabbro dykes. Si-rich
surface waters reacted with magnesite under very low Al and
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Fig. 9. Chondrite-normalized REE pattern of the samples investigated
(normalization values from Boynton 1984)
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Fe and high Si and Mg activities with pH values ranging
between 8.0 and 9.5 (Wollast et al. 1968; Khoury et al. 1982;
Galan and Castillo 1984; Abtahi 1985; Jones and Galan 1988;
Galan and Pozo 2011). Under these physicochemical condi-
tions, magnesite was transformed to sepiolite. Quartz veinlets
crosscutting the sepiolite veins indicated a high activity of SiO,
which favored the formation of sepiolite (Birsoy 2002). These
waters replaced the relatively soft and friable magnesite in situ
via a dissolution—precipitation mechanism. This event became
less effective from top to base, and from vein surfaces toward
the inner parts in thick magnesite veins. In the case of thin
veins (stockwork magnesite), magnesite was entirely replaced
leaving behind pure sepiolite. The probable reaction resulting
in sepiolite formation is given as:

8MgCOs + 12H;Si04 + 18H,0—MggSi;;030(0H), (OH,),.8H,0

Magnesite Sepiolite

+ 16C0; + 2H,0 + 16(0H)~ 2)

Stevensite

The SEM analyses indicated that stevensite occupied the overall
mass by the transformation mechanism similar to the sepiolite. No
remnant of precursor mineral was detected. Stevensite appeared as
wavy flakes and packets which were formed in intergranular space
surrounding the voids. This appearance was different from the
‘honeycomb structure’ which appears frequently in smectites. In
fact, the voids were irregularly shaped, sub-rounded with sizes
ranging from 0.1 to 1.5 pm, and showing random spatial distribu-
tion. These features indicated a pre-existing mylonitized material
from which stevensite was formed. Some rare voids with relict
rhombic outlines indicated that the precursor material was magne-
site. In support of field observations, SEM data demonstrated that
mylonitized magnesite was replaced completely by stevensite.

Stevensite appeared within a gallery bordered above and
below by a thick magnesite vein. The magnesite vein
underwent tectonism resulting in it breaking in two, crushing
and grinding, and as a consequence forming a mylonitic zone
between these two parts. Stevensite occurred as a horizontal
layer replacing the overall mass of mylonitized magnesite. The
boundaries between stevensite and magnesite, and between
stevensite and the wall-rock serpentinite, were sharp. No evi-
dence of alteration was observed along the latter two borders,
suggesting the formation of stevensite from serpentinite.

The principal element oxide constituents were SiO, and MgO
at 50.043% and 16.211%, respectively. The amounts of Al,O;
and Fe,O3 were much greater than those of the sepiolite. Alumi-
num and Fe substituted for Mg in the octahedral sheet whereas
little Al substituted for Si in the tetrahedral sheet. These substitu-
tions resulted in an increase in the layer charge on the tetrahedral,
but mainly on the octahedral sheets, which was indicative of
stevensite. On the other hand, the (Al+Fe**)V/Mg ratio was
greater than that of ideal stevensite. This fact was previously
suggested as indicating that some discrete clay mineral layers
could be present (Mayayo et al. 2000; Hover and Ashley 2003;
Cuevas et al. 2003); however, no indication of such a discrete
mineral was detected using XRD and FTIR. According to Foster
(1960) and Weaver and Pollard (1973), the Mg and (Al+Fe*H)Y
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contents of the present stevensite were 1.9 and 0.67 p.h.fu.,
respectively. Stevensite fell within the trioctahedral domain (Fig.
8). The Mg-smectite classification was made on the basis of the
basis of the preferential location of the excess layer charge (Giiven
1988). Localization of the layer charge and XRD data, obtained
by using the identification procedure of Christidis and
Koutsopoulou (2013), demonstrated the presence of stevensite.

Stevensite was formed from fine-grained material
(mylonite) which was more vulnerable to alteration than mas-
sive and non-disintegrated magnesite. A laminated layer struc-
ture suggested that stevensite was formed under a permanent
underground water level. Si, Fe, and Al as well as trace
elements and REE were sourced mainly from serpentinite. In
addition, the presence of additional elements such as Ba, Rb,
and Sr could be attributed to the overlying alkaline Neogene
lacustrine sediments. The REE are known as insoluble ele-
ments; however, their solubility can be raised due to saline
conditions which might have been provided by descending
alkali solutions generated from surface waters. These elements
were accumulated in groundwater via downward movement of
surface waters. Stevensite was formed by in situ transformation
from mylonitized magnesite by Si-rich solutions via a
dissolution—precipitation mechanism in the groundwater envi-
ronment (Eq. 3). A small amount of free Fe acted as a staining
agent which made the lamination apparent, but most of the Fe
was incorporated into the crystal structure together with Al. All
trace elements participated in stevensite formation. Excluding
Co, Sc, and V, the remaining trace elements showed several-
fold enrichments in stevensite compared to sepiolite. Of the
HREE, only Ho, Er, Tm, Yb, and Lu exhibited negative
correlations with their counterparts in sepiolite (Table 1). Dur-
ing stevensite formation, REE were removed from solution
under water where these elements were enriched.

The physicochemical conditions were: high Mg+Fe/Si
ratios, high-alkali salinity, and higher pH (>9.5) than that
required for sepiolite formation (Siffert 1962; Jones and
Galan 1988; Birsoy 2002). These conditions were respon-
sible for the transformation of magnesite to stevensite. The
probable chemical reaction is given as:

6MgCO; + 8H4Si04 4+ 6H,0—

Magnesite

ZMg3814010(OH)24H20 + ]6H20 + 6C02
Stevensite

(3)

CONCLUSIONS

Two daughter minerals, sepiolite and a newly found
stevensite, appeared locally in a magnesite deposit at Cayirbagi
displaying an unusual mode of occurrence and genetic rela-
tionships with magnesite.

Sepiolite either replaced the entire mass of thin mag-
nesite veins or is found together with magnesite in a
thick vein consisting of both magnesite and sepiolite.
Sepiolite was poorly ordered, showing large d;o reflec-
tions appearing at 12.64 A and 13 A in air dried and
ethylene glycolated states, respectively. The
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characteristics of the remaining reflections, as well as
its structural, crystal chemical, thermal, and textural
properties, indicated that this sepiolite is poorly ordered
and is present as the sepiolite-13 A form.

Stevensite appeared inside a gallery occupying a
mylonitized zone between two parts of a thick magnesite vein.
The dy, reflection appeared at 14.7 A in the air-dried state and
at 18.3 A when solvated with ethylene glycol. The structural,
thermal, and textural properties were similar to those of Mg-
smectites. The stevensite had unusually large Fe and Al con-
tents. The layer-charge localization and XRD data demonstrat-
ed that this mineral is an Fe- and Al-rich stevensite.

Sepiolite and stevensite were formed by in situ transforma-
tion of the magnesite parent mineral via a dissolution—
precipitation mechanism involving the replacement of pre-
existing magnesite. Various physicochemical conditions were
instrumental in their formation. Supergene alteration of ultra-
mafic rocks (serpentinite and gabbro) yielded waters with high
Si as well as low Al and Fe activities, and contained trace
elements and REE in small amounts.

Sepiolite was formed by the descending waters of this
nature reacting with magnesite under pH values of 8-9.5.
Sepiolite was formed stepwise, by replacing the pre-existing
magnesite. Due to the increasing sepiolite content, trace ele-
ments and REE were also enriched by means of absorption,
albeit in small amounts.

Differing from sepiolite, stevensite was formed by
transformation from magnesite under the permanent
groundwater level, where Si, Fe, Al, trace elements, and
REE were considerably enriched via descending waters. Si
activity lower than that required for the formation of
sepiolite, high Al and Fe activities, and pH values of
>9.5 were decisive environmental factors leading to the
production of stevensite. Trace and REE participated in
and enriched stevensite formation by means of absorption
from the REE-rich groundwater.
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